Abstract Species distribution models are increasing in popularity for mapping suitable habitat for species of management concern. Many investigators now recognize that extrapolations of these models with geographic information systems (GIS) might be sensitive to the environmental bounds of the data used in their development, yet there is no recommended best practice for "clamping" model extrapolations. We relied on two commonly used modeling approaches: classification and regression tree (CART) and maximum entropy (Maxent) models, and we tested a simple alteration of the model extrapolations, bounding extrapolations to the maximum and minimum values of primary environmental predictors, to provide a more realistic map of suitable habitat of hybridized Africanized honey bees in the southwestern United States. Findings suggest that multiple models of bounding, and the most conservative bounding of species distribution models, like those presented here, should probably replace the unbounded or loosely bounded techniques currently used [Current Zoology 57 (5) Keywords Niche models, Geographic information systems, Extrapolation, Clamping Species distribution models are widely used in ecology (e.g., Elith et al., 2006; ). Thanks to increasing statistical and technical capabilities, and commercial software and freeware, we now have a variety of techniques for predicting habitat suitability and species distributions. It is easy for novice users to rely on default settings and simple assumptions when generating habitat suitability maps for species of management concern. Typically, species distribution models use field measurements of species occurrences (presence-absence data, or presence-only data), while independent variables are obtained from environmental data (Elith and Leathwick, 2009 ). Various modeling algorithms are then used to create a predicted surface or probability map of suitable and unsuitable habitat.
Species distribution models are widely used in ecology (e.g., Elith et al., 2006; ). Thanks to increasing statistical and technical capabilities, and commercial software and freeware, we now have a variety of techniques for predicting habitat suitability and species distributions. It is easy for novice users to rely on default settings and simple assumptions when generating habitat suitability maps for species of management concern. Typically, species distribution models use field measurements of species occurrences (presence-absence data, or presence-only data), while independent variables are obtained from environmental data (Elith and Leathwick, 2009 ). Various modeling algorithms are then used to create a predicted surface or probability map of suitable and unsuitable habitat.
After testing several modeling approaches on a variety of organisms from vascular plants (Morisette et al., 2006; Stohlgren et al., 2010) to diatoms , we noticed that several models tended to extrapolate suitable and unsuitable habitats to regions far beyond the geographic extent of occurrence records. While theoretically possible, and even likely for a newly discovered highly invasive species (Muirhead et al., 2006) , we questioned whether there was a more simple explanation-were these models properly bounded by the limits of the environmental data used in their development?
The concept of restricting model extrapolations based on the limits of predictor variables (called "clamping" in the Maxent Entropy Modeling, or Maxent, literature) is not new, just weakly tested. On a recent blog (Maxent Google Group, http://groups.google.com/group/maxent/ browse_thread/thread/bc37d59239d6260d/d7b67bab9fe ecbe5?lnk=gst&q=clamping#d7b67bab9feecbe5), Stephen Phillips remarked that there wasn't a "recommended best practice" in regard to bounding species distribution models. He suggested that: "The most conservative (model) would be not even trying to predict to variables outside the range seen during training. The second most conservative would be to zero out predictions whenever variables are outside the training range -that's the "dontextrapolate" option." Despite the increasing number of publications on species distribution models, we found few published papers specifically addressing the bounding issue. Van DerWal et al. (2009) caution against extrapolating species distributions back in time in paleoecological studies, because novel environmental conditions might have existed. Anderson and Raza (2010) found that clamping had a minimal effect when Maxent was used to model rodent distributions in large versus small study regions. We hypothesize that unbounded species distribution models extrapolate far be-yond the environmental envelope of the occurrence data used in model development. The lack of a recommended best practice for bounding models precipitated this study.
Consider a simple classification and regression tree (CART) model for a generic species whose distribution is determined largely by mean annual temperature (Fig.  1) . CART models repeatedly split the data into two mutually exclusive, homogeneous groups (De'Ath and Fabricius, 2000) . The resulting output describes the primary environmental determinants of a species presence or absence, quantified as a probability. The threshold values (e.g., 10 degrees C, in this example), are used to map suitable habitat for a species over a broad extent. Unfortunately, this CART model, and simple species distribution models, may lead to exaggerated extrapolations of suitable habitat, since they rarely consider the minimum and maximum values of environmental predictors. Data Scenarios A and B would create essentially the same model, but model extrapolations based on A might greatly exaggerate habitat suitability well beyond minimum and maximum mean temperatures (5 and 15 degrees C in this example). We tested two commonly used modeling approaches: classification and regression tree (De'Ath and Fabricius, 2000) and maximum entropy models (Maxent; Phillips et al., 2006) , with commonly used defaults for bounding and model extrapolations. Our objective was to provide a more realistic map of suitable habitat of hybridized Africanized honey bees in the southwestern United States. Our hypothesis was that extreme levels of bounding model extrapolations to the maximum and minimum values of the primary environmental predictors are required to produce realistic habitat suitability models.
Test organism: Africanized honey bees
Africanized honey bees arrived in the southwestern United States from Mexico in 1990 (Collet et al., 2006) . The bees are hybrids of the African honey bee Apis mellifera scutellata with various European honey bees Apis mellifera, Apis spp., which have been in the New World for hundreds of years. Hybridization occurred in Brazil in the late 1950s, and the aggressive bees have been moving north ever since. Hives of European honey bees Apis mellifera, long established in the United States, are susceptible to invasion by small swarms of Africanized honey bees, who replace their own queen after killing the European queen. When disturbed, the stings of swarms of Africanized honey bees, which defend their hives more aggressively than other species of managed honey bees, have proven fatal to humans in some instances (http://ars.usda.gov/Research/docs.htm?docid= 11059&page=6).
Test organism data
We used 106 locations of wild Africanized honey bees in the southwest United States to develop the models (Fig. 2) . We had 47 candidate predictor variables for our models (Appendix 1). Environmental data included 19 bioclimate layers that were derived from monthly temperature and precipitation data (WorldClim; http:// www.worldclim.org). We used a recently developed remotely sensed, seasonal interannual vegetation measure called the MODIS phenology product (a six-yearaverage product). NASA's MODIS land surface phenology product defines seasonal patterns of variation in vegetated land surfaces from satellite observations (Tan et al., 2008 , Morisette et al., 2009 ). The product derives 15 temporally smoothed and spatially gap filled annual phenological parameters from common vegetation indices (NDVI/EVI) at a spatial resolution of 500 m 2 , a close proximity in spatial resolution to the 1-km 2 climatic layers. In addition, we had three other layers from the MODIS product vegetation continuous field (VCF), describing land cover (Appendix 1). CART and Maxent are non-parametric models that are generally not considerably affected by skewed data distributions
Fig. 2 Presence and absence locations of Africanized honey bees used in this example
Some dots contain more than one presence and absence location, and they are "fuzzed" located here to reduce unnecessary hysteria.
or multicolinearity, but as a precautionary measure, we removed highly cross-correlated factors (r<0.8 or r>+0.8) prior to analysis.
Classification and Regression Tree Modeling
De'Ath and Fabricius (2000) suggested classification and regression trees "are ideally suited for the analysis of complex ecological data" because they could handle nonlinear relationships, high-order interactions, and missing values. We used the CART routine in the SYS-TAT statistical software (version 12; Systat Software Inc 2007, San Jose, CA) with all standard defaults. In this study, we concerned ourselves with the difference between clamped and unclamped extrapolations of typical model runs. We were not interested in cross-validation or more complex techniques to assess tree size or an average model from multiple runs, though these could be added by others (see De'Ath and Fabricius 2000) . Results of the model were extrapolated from about central Mexico to the Canadian border, first with the unclamped approach as typically done, followed by a clamped approach with limits set by the minimum and maximum values of the primary predictor variables in the model training data set.
Maximum Entropy Modeling (Maxent)
Maxent is a machine learning method (version 3.3.2; www.cs.princeton.edu/~schapire/maxent/), based on the maximum entropy principle. It assesses the probability distribution of a species by estimating the probability distribution of maximum entropy (Phillips et al., 2006) . A recent model comparison by Elith et al. (2006) showed that Maxent ranked as the best-performing model algorithm compared to 15 other modeling techniques. We ran Maxent with the default settings except for changing the number of iterations allowed to 5000 to allow the model to reach convergence and as described below (for details, see Phillips et al. 2006) . We limited the area Maxent could draw background points from to counties with presence sample locations (Fig. 2) , and projected the model to the larger area of interest. We ran the Maxent model with three bounding options defined as "default", "fadebyclamping", and "dontextrapolate." The "default" option has Maxent generate a separate clamping map and, for the map of predictions, treat variables outside the training range as if they were at the edge of their training range. The "fadebyclamping" option reduces the predictions by the absolute difference between the prediction with and without clamping (and setting the result at zero if the difference is negative). This is thought to be an intermediate level of clamping. The "dontextrapolate" option sets predictions to zero whenever variables are outside the training range; the most severe clamping option in Maxent. Again, we were not interested in various cross-validation or more complex Maxent options, we focused on comparing clamped and unclamped GIS projections.
Results
The simple CART model for the Africanized honey bee was highly predictive (Fig. 3) . Over 82% of the variation in probability of occurrence was based on two environmental factors: precipitation in the coldest quarter, and mean annual temperature (Table 1 ). When these model results are extrapolated in the typical, unbounded way from central Mexico to the Canadian Border (Fig.  4a) , the areas of suitable habitat are extended east into Cuba, the Caribbean, all of Florida, and up the southeast seaboard. Suitable habitat fingered into Oklahoma, Arkansas, and to the northern part of California's Central Valley (Fig. 4a) . When the CART model extrapolation was bounded by the minimum and maximum values of the primary predictors (Table 1 ; Fig. 4b ), the core area of suitable habitat was slightly reduced in the southwest, and only southern Florida was deemed suitable habitat in the east. The Maxent model for Africanized honey bees in the southwest United States was also highly predictive (AUC = 0.918; Table 1 ). Maximum temperature of the warmest month, percent herbaceous cover, Normalized Difference Vegetation Index amplitude (difference between peak and base values) and Enhanced Vegetation Index average green-up, contributed most to the model. The Maxent model, with 12 predictor variables contributing >2% to the model (Table 1) , seemed to provide a finer grained differentiation between the suitable and unsuitable habitat of the bees compared to the dichotomous nature of the CART model. The unbounded Maxent models (Fig. 5a, b, c) extrapolated suitable habitat toward the eastern Great Plains, and further north and east, compared to the CART models (Fig. 4a, b) and clamped Maxent models (Fig. 5d, e, f) . The most conservatively clamped Maxent model extrapolated the distributions of Africanized honey bees to the northwest and east into the Mississippi Valley (Fig. 5f) , far beyond the geographic extent of the occurrence data (Fig. 1). 
Discussion

Caveats
There are many caveats when using species distribution models. Input data may be affected by sample size, clustering of points, spatial auto-correlation, and resolution and accuracy of predictive layers ), just to name a few. Different threshold criteria also have been shown to greatly affect model extrapolations (Jiménez-Valverde and Lobo, 2007) . In our example, we have additional data on Africanized honey bee presence in the southeastern United States, including a few recent occurrences, which we did not include in the models, because we think that subpopulation may be responding to different environmental factors. The models presented here likely underestimate suitable habitat for Africanized honey bees. We commonly evaluate more than two models for a given species and extent ), and we advocate ensemble modeling approaches in some cases (Stohlgren et al., 2010) . In any case, we have always advocated an "iterative approach," where models are re-run as new data or better predictor layers become available (Stohlgren and Schnase, 2006) . Likewise, species environmental matching models are in a rapid state of flux (e.g., from Guaissan and Zimmerman, 2000 to Phillips and Dudik, 2008) . Regardless, care must be taken in extrapolating model results to broader regions. Other options to bounding or methods for implementing bounding with other techniques were not discussed here, but should also be considered or developed.
Unbounded versus bounded models
These tests on bounded and unbounded CART and Maxent models showed that "bounding" is a matter of degree, but that unsuitable habitat (or not-yet-present habitat) can be greatly restricted by bounding. Maxent clamping is based on the environmental envelope of background points and the occurrence data, rather than on the environmental envelop of the occurrence data alone. In addition, different models provided different levels of clamping as the predictors incorporated into various models differ and thus the bounded areas differ-testing multiple models seems necessary. And extremely bounded model results may provide more conservative estimates of suitable habitat for Africanized honey bees, and highlight broader areas of uncertainty. Bounding the models to the environmental minima and maxima of the primary predictors may provide the most conservative map of habitat suitability for Africanized honeybees in the southwestern United States. In introductory statistics classes, students are warned not to extrapolate regression equations beyond range of observations. Here, we demonstrate how the same reasoning should apply to n-dimensional species distribution models (Figs. 4 and 5) .
This area of research is also rapidly changing. In the few months since we conducted our analyses, a new version of Maxent has been released (Maxent v3.3.3a) with a new method of bounding. This new version calculates the multivariate environmental similarity surface (MESS), providing more detailed information on conditions outside of those sampled (Elith et al., 2010) . Researchers using species distribution techniques need to look for new scientific contributions such as these that will aid in bounding their models.
All species distribution models have the potential for some sort of bounding. However, there are important tradeoffs to consider, and such decisions will be case and objective driven. Limiting extrapolations to the bounds of the predictor variables may allow for interpolation within the sampling extent, but it greatly reduces extrapolation of potentially suitable habitats and ecological forecasting (Jarnevich and Stohlgren, 2009 ). Thus, an extreme degree of bounding may provide more of a "current distribution map" than a "habitat suitability map" generated with limited bounding. In many cases, greater extrapolations may lead to greater uncertainty. Modeling species early in their invasion will always be problematic, as not all suitable habitat is occupied. Thus, there may be risks to the economy, environment, or human health associated with under-predicting suitable habitat for harmful species.
We offer a simple adjustment to extrapolating results from species distribution models based on the minimum and maximum values of primary predictors. "Best practices" for species distribution models may include: (1) one or more bounding techniques for each model developed; and (2) comparisons of two or more models and their associated bounded and unbounded maps. We think these lessons can be broadly applied when these types of models are used in conservation biology.
